Small-cell lung cancer (SCLC) tumours are highly aggressive. At the time of diagnosis, patients have often developed metastases, and overall prognosis is particularly poor, making effective treatment difficult. Novel mechanisms need to be identified as treatment targets. We have previously found low levels of the glucocorticoid receptor (GR) in SCLC cell lines and demonstrated that over-expression of GR increases tumour cell death both in vitro and in vivo. We hypothesise that low levels of GR impair its inhibitory effect on BCL2 and thus provide a survival advantage to SCLC cell lines. The mechanism behind GR-induced apoptosis is currently unknown; therefore, pro-and anti-apoptotic genes were investigated for their role in GR-mediated apoptosis signalling. We found that over-expression of wtGR via retroviral transduction causes the DMS 79 SCLC cell line to undergo caspase-mediated apoptosis within 72 h. Neither BAD nor BCL2L11 (BIM) mRNA and protein levels were affected by GR restoration implying that GR does not trigger apoptosis in the SCLC cell lines by up-regulating these pro-apoptotic genes. The anti-apoptotic BCL2 gene was significantly overexpressed in six SCLC cell lines and the BCL2 inhibitor ABT-737 increased apoptosis in all three cell lines tested. GR interacted with BCL2 in DMS 153, DMS 79 and COR-L42 cell lines, suggesting that a protein interaction between GR and BCL2 could play a role in GR-induced apoptosis. A deeper understanding of the molecular mechanism for increasing GR expression in SCLC could provide novel treatment strategies in the future.
Introduction
Lung cancer is the leading cause of cancer-related deaths in the Western world (Ihde 1995 , Jemal et al. 2009 ). It is the most prevalent cancer in males in Britain and is second only to breast cancer in women. Small-cell lung cancer (SCLC) accounts for 10-15% of all lung cancers and tobacco smoking greatly increases the risk of developing SCLC (Riaz et al. 2012) . It is the most aggressive form of lung cancer and has generally already metastasised by the time of diagnosis. The tumour becomes metastatic early in tumorigenesis with secondary cancers forming in the brain, liver and bone. The presence of these metastases means that surgery is often dismissed in favour of chemotherapy and/or radiotherapy. SCLC is initially highly sensitive to chemotherapy (Blackhall & Shepherd 2007) but eventually relapses with a chemoresistant disease phenotype resulting in very poor prognosis (Jackman & Johnson 2005) . Even though considerable advances have been made in the diagnosis and treatment of SCLC in the past decade, long-term survival rate is still very low and therefore novel treatment approaches are required.
SCLC is a carcinoma of neuroendocrine origin and thus some tumours are able to secrete a variety of ectopic neuropeptides including the adrenocorticotropic hormone (ACTH) precursor, pro-opiomelanocortin (POMC; Stovold et al. 2011) . In certain situations, this can give rise to the ectopic ACTH syndrome (Stewart et al. 1994) . However, evidence suggests that SCLC tumours without clinical features of ectopic ACTH syndrome may secrete ACTH-related peptides (Stewart et al. 1994 , Oliver et al. 2003 , Stovold et al. 2013 . The ectopic secretion of POMC by SCLC is resistant to normal negative feedback inhibition by glucocorticoids (Gcs), and this is the basis of the high-dose dexamethasone (Dex) suppression test in the diagnosis of Cushing's syndrome (Newell-Price et al. 2006) .
The inability of Gcs to inhibit POMC expression in SCLC led to the investigation of the glucocorticoid receptor (GR) expression in SCLC cell lines. A multitude of factors can affect Gc sensitivity and we have previously shown that some human SCLC cell lines are resistant to Gcs and that this resistance is due to impaired GR expression (Farrell et al. 1993 , Ray et al. 1994 , 1996 . More recently, we have found that a panel of SCLC cells have negligible amounts of functional GR due to GR promoter methylation and we hypothesised that this is an important factor contributing to Gc resistance (Kay et al. 2011) . Restoration of GR expression in SCLC cells by transfection of exogenous GR is sufficient to restore Gc sensitivity (Ray et al. 1994) . We have also shown that restoration of GR expression is sufficient to induce cell death by apoptosis in SCLC cells both in vitro (Sommer et al. 2007) and in vivo in a xenograft model (Sommer et al. 2010) .
In lymphoid cells, Gcs can induce marked apoptosis; hence, they are used for the treatment of haematological malignancies. However, a canonical pathway for GR-induced apoptosis has not been identified and the mechanisms vary depending on cell origin (Herr et al. 2007) .
Our previous work on GR-mediated apoptosis (Sommer et al. 2007 (Sommer et al. , 2010 highlighted the effects of GR on members of the BCL2 family. The process of apoptosis is tightly regulated by both pro-and anti-apoptotic BCL2 family proteins. Regulation of apoptosis is achieved by BH3-only proteins (BAD, BIM, tBID, NOXA and PUMA), which will transmit death signals by interacting with anti-apoptotic family members (BCL2, BCL-xL and MCL-1), thereby inhibiting their cytoprotective function.
Abolishing anti-apoptotic signals allows BAX and BAK to be activated, where they play a part in forming pore complexes on the mitochondrial membrane resulting in the release of cytochrome c, which commits the cell to apoptosis (Adams & Cory 2007 , Sommer et al. 2010 . Both sides of the BCL2 family balance activation and suppression of apoptosis initiation and this balance has been termed the 'BCL2 rheostat' (Ploner et al. 2008) . The interaction between members of the BCL2 family is crucial to maintaining this balance and any effects leading to the up-or down-regulation of one of the pro-or anti-apoptotic members respectively can 'tip the balance' from a living cell to a cell undergoing apoptosis.
Our previous studies which showed that GR overexpression kills human SCLC cells in vitro and in vivo are extended here in order to elucidate the pathway of GR-induced apoptosis in SCLC cell lines. We show that anti-apoptotic BCL2 is overexpressed in our SCLC cell lines and that GR-mediated apoptosis does not signal via the pro-apoptotic genes BIM and BAD. Co-immunoprecipitation studies have identified an interaction between BCL2 and GR, suggesting that apoptosis signalling in response to GR over-expression is achieved by specific GR/BCL2 protein interactions and not through apoptotic gene regulation by GR.
Subjects and methods
Cell culture and maintenance A549 human lung epithelial carcinoma cells, HEK293 human embryonic kidney cells and HeLa human cervical carcinoma cells (European Collection of Cell Cultures, Wiltshire, UK) were cultured in DMEM (Invitrogen) supplemented with 10% FCS (Invitrogen).
Non-SCLC lines NCI-H358 and NCI-H727 (European Collection of Cell Cultures) and NCI-H23, NCI-H441 and NCI-H1299 (American Type Culture Collection, Manassas, VA, USA) were grown in RPMI-1640 medium (Invitrogen) supplemented with 10% FCS and 10 mM HEPES as recommended by supplier.
SCLC cell lines used in this study were DMS 79, DMS 53 and DMS 153 and the 'COR' cell lines COR-L24, COR-L42, COR-L47, COR-L51 and COR-L103. All these cell lines were derived from patients with pathologically confirmed SCLC (Pettengill et al. 1980 , Baillie-Johnson et al. 1985 . All SCLC cell lines were cultured in RPMI-1640 medium (Invitrogen) supplemented with 10% FCS and 10 mM HEPES, as described previously (Ray et al. 1994) .
For treatment with the BCL2 inhibitor, cells were incubated for 48 h with 10 mM ABT-737 made up in DMSO (kind gift from Abbott Laboratories) or DMSO alone as a vehicle control.
Survival assay
Survival rate of cell lines after treatment with ABT-737 was determined using the CellTiter-Glo Luminescent Cell Viability Assay (Promega) following the manufacturer's instructions. Luminescence was measured using a microplate luminometer.
Immunoblot analysis
Cells were lysed using 1! Chaps cell extract buffer (Cell Signalling Technology, Hitchin, UK) containing Complete protease inhibitor cocktail (Roche). Following three freeze/ thaw cycles, cell debris was pelleted by centrifugation and supernatants harvested. Protein concentration was measured using a NanoDrop. Samples were diluted in loading buffer (0.125 M Tris-Cl (pH 6.8), 0.1% SDS, 20% glycerol, 0.2% b-mercaptoethanol and 0.001% bromophenolblue) and analysed by SDS-PAGE on 4-12% Bis-Tris Novex gels (Invitrogen) and subsequent western blotting. The primary antibodies used were the mouse monoclonal anti-hGR (clone 41, 1:2500), which binds in the N-terminal region of GR (BD Biosciences, Oxford, UK), rabbit monoclonal anti-BAD (1:1000; Abcam, Cambridge, UK), rabbit polyclonal anti-BIM (1:2000; Merck Biosciences, Nottingham, UK), mouse monoclonal anti-BCL2 (1:2500; Abcam) and the mouse monoclonal a-tubulin (1:5000; Sigma-Aldrich). Secondary antibodies were the HRP-conjugated anti-mouse IgG (1:5000) and anti-rabbit IgG (1:5000) (Invitrogen). To quantify protein levels, densitometric analysis was carried out using ImageJ Software (NIH, Bethesda, MD, USA) and normalised to the loading control (a-tubulin). This analysis was carried out on three separate blots for each experiment.
RT-PCR
RT-PCR was carried out using Omniscript RT-PCR Kit (Qiagen). RNA concentration of 2 mg/20 ml of the reaction mixture was maintained for all the reactions. Unspecific anchored oligo d(T)20 primer (Invitrogen) was used for RT-PCR. Primer sequences for specific cDNA amplification were as follows: BIM (F, 5 0 -AGGTAGACAA-
. All primers were obtained from Eurofins MWG (London, UK).
Retroviral infections
Transduction of retroviral particles into SCLC cell lines was performed as detailed in Sommer et al. (2007) . Briefly, HEK293 cells were transfected with plasmids for retroviral production, pFUNC1-eYFP/-GR-eYFP, Gag-Pol and VSV-G, using FuGene HD (Roche) at a 3:2 reagent:DNA ratio. Retrovirus production was stimulated by adding 10 mM sodium butyrate R21 h after transfection. Target cells were mixed with virus-containing supernatant and centrifuged at 1000 g for 2 h in the presence of 8 mg/ml Polybrene (Millipore, Watford, UK) on two consecutive days. Posttransduction, cells were cultured in normal growth media containing 10% serum for 24, 48 or 72 h.
Immunocytochemistry
Analysis of GR Cells were pelleted, fixed for 24 h in 10% formalin and embedded in paraffin wax. Sections were cut at 5 mm and mounted on polysine-coated slides. Antigen retrieval was performed on all slides in pH6 citrate buffer at 95 8C for 30 min. The slides were blocked and then stained with GR-specific antibody (BD Biosciences) at 5 mg/ml and visualised by DAB staining protocol (Chromagen Envision System, Dako, Cambridge, UK). Cell nuclei were counterstained with haematoxylin. Negative controls used an IgG1 non-specific primary antibody also at 5 mg/ml. Imaging was conducted using an Axioskop brightfield microscope and Axiovision Software (Zeiss Microscopy & Imaging, Cambridge, UK).
For PARP p85 staining DMS 79 cells expressing GR-eYFP or eYFP were applied to poly-L-lysine-coated coverslips and fixed with 4% formaldehyde. Cells were permeabilised with PBS/0.2% Triton X-100. After washing, cells were blocked in PBS/0.1% Tween 20C5% donkey serum. Anti-PARP p85 Fragment pAb (Promega) diluted 1:250 in blocking buffer was added to cells and incubated overnight. Secondary antibody incubation was performed in the dark using Alexa Fluor 546 donkey anti-rabbit IgG (Invitrogen) diluted 1:500 in PBS. Coverslips were mounted using ProLong Gold with DAPI (Invitrogen). Images were collected on an Olympus BX51 upright microscope using a 60!/1.40 UPlanApo objective and captured using a Coolsnap ES camera (Photometrics, Tucson, AZ, USA) through MetaVue Software (Molecular Devices, Sunnyvale, CA, USA). Specific band pass filter sets for DAPI, FITC and Texas red were used to prevent bleed through from one channel to the next. Images were processed and analysed using ImageJ (http://rsb.info.nih.gov/ij).
Co-immunoprecipitation studies
Dynabeads Protein G (25 ml; Invitrogen) were incubated with 5 mg goat polyclonal anti-Bcl-2 antibody (Santa Cruz) in 250 ml PBS-T (0.1% Tween 20). The antibody was cross linked to the beads using bis(sulfosuccinimidyl)suberate (BS 3 ; Thermo Fisher Scientific, Loughborough, UK) according to the manufacturer's instructions. The following day, the beads were pelleted and washed with PBS-T. Ten micrograms of total protein extract was incubated with the antibody-bound beads for 2 h on an orbital shaker at room temperature. Upon removal of supernatant, the beads were washed three times with 300 ml ice-cold PBS-T. After the final wash, the beads were re-suspended in 100 ml PBS-T and transferred to a fresh tube. The protein complexes of interest were eluted by addition of 60 ml 2! Laemmli sample buffer followed by heating at 95 8C for 10 min. Eluted sample protein was analysed by SDS-PAGE followed by western blot for GR protein.
Statistical analysis
Statistical analysis was carried out using GraphPad Prism 6 (Graphpad, La Jolla, CA, USA). Independent Student's t-test was performed to determine significance.
Results

GR expression is reduced in human SCLC cell lines
GR protein was investigated by western blot analysis in the SCLC cell lines, DMS 79, COR-L24, COR-L42 and COR-L47, and compared with the Gc-sensitive cell line, A549, and three additional non-SCLC (nSCLC) cell lines, NCI-H358, NCI-H727 and NCI-H1299. Overall, the SCLC cell lines have reduced levels of GR protein compared with the A549 cells and two of the other nSCLC cells (Fig. 1A and B). Immunocytochemical analysis of GR emphasises the differences in the relative amounts of GR between the SCLC cell lines (Fig. 1C) . In addition, COR L24 cells have compound heterozygous mutations in the GR, and one allele has a mutation in the DNA binding domain resulting in a 50% reduction in activity of these receptors (Ray et al. 1996) .
Restoration of GR expression induces PARP cleavage
Expression of a GR-eYFP transgene introduced into DMS 79 cells by retroviral infection resulted in apoptosis as evidenced by increased levels of the cleaved PARP fragment p85 in the SCLC cells ( Fig. 2A) . As PARP is a direct substrate of caspase 3, increased levels of cleaved PARP are a reflection of caspase 3 activity within these cells. Apoptosis was observed at 48 and 72 h post-infection with the maximum occurring at 72 h (Fig. 2B ). 
BIM is not a target of GR signalling in SCLC cells
One of the most well-known activators of the caspase cascade is the pro-apoptotic 'Bcl2-like protein 11' BIM (O'Connor et al. 1998) . Transcription of the BIM gene is increased during Dex-induced apoptosis in acute lymphoblastic leukaemia (ALL) cells, lymphoma cells and mouse thymocytes (Wang et al. 2003 , Abrams et al. 2004 , Zhao et al. 2007 ). However, the exact mechanism is largely unknown. Over-expression of GR-eYFP by retroviral transduction into DMS 79 cells (Fig. 3) caused BIM transcript levels to decrease after 72 h. Interestingly, Dex treatment has no effect on any of the BIM transcription levels (Fig. 3A) . GR-eYFP in the presence or absence of Dex had no impact on BIM protein levels at any of the time points (Fig. 3B ) even though the presence of GR-eYFP was confirmed by western blots, indicating that retroviral transduction was successful.
Endogenous GR is up-regulated in response to exogenous GR expression
The western blot for GR in DMS 79 cells transduced with GR-eYFP or eYFP indicated an increase in endogenous GR in the GR-eYFP-infected cells (Fig. 3B and C) such that GR-eYFP protein was present at w60% of the endogenous GR level. In addition, RT-PCR for GR transcripts also showed an increase in GR expression at the mRNA level (Fig. 3D) .
Pro-apoptotic BAD is not a mediator of GR-induced apoptosis in SCLC cells
Given the role of BAD as another important pro-apoptotic protein, we wanted to determine whether it had a role in GR-mediated apoptosis. We determined expression levels of the pro-apoptotic protein BAD in seven SCLC cell lines. BAD protein levels were significantly higher in the SCLC cell lines DMS 153 and COR-L42 but were unchanged in any of the other SCLC cell lines under basal conditions ( Fig. 4A and B) where we have previously shown low GR expression.
To ascertain whether restoring wtGR functionality increased transcriptional activity of the BAD gene leading to a higher abundance of BAD protein in the cells, DMS 79 cells were retrovirally transduced with either the pFUNC1-GR-eYFP or eYFP constructs.
No differences were observed in BAD protein levels after 48 or 72 h in transduced cells with restored GR vs control-transduced cells. Transduction itself was successful as evidenced by the increase in GR levels compared with the vector control, but BAD protein levels did not differ between sample groups ( Fig. 4C and D) . 
SCLC cell lines have increased levels of BCL2
In six of the seven SCLC cell lines tested, BCL2 is significantly overexpressed when compared with HEK293 and A549 cells ( Fig. 5A and B) . DMS 79 cells retrovirally infected with GR-eYFP or eYFP were also analysed to determine the effect of GR restoration on BCL2 up to 72 h after treatment (Fig. 5C ). Increasing the level of GR by retroviral infection had no effect on BCL2 expression and Dex treatment of the GR-eYFP cells did not elicit a response.
SCLC cell lines require BCL2 to suppress apoptosis
Inhibition of BCL2 with the BH3-mimetic inhibitor ABT-737 decreased cell survival significantly in all the three cell lines after 48-h treatment (Fig. 6A ). Cleaved caspase 3 was also increased in all the three cell lines after ABT-737 treatment (Fig. 6B) . Given the clear evidence that BCL2 inhibition drives all the SCLC cell lines into apoptosis, it would appear that the SCLC cell lines are dependent on BCL2 over-expression to suppress apoptosis.
BCL2 interacts with GR in three SCLC cell lines
We hypothesised that GR could interact with BCL2, thereby impairing its anti-apoptotic properties and eliciting an increased apoptotic response. To test this, we undertook co-immunoprecipitation studies on DMS 153, DMS 79 and COR-L42 cell protein extracts. Using magnetic beads with cross linked antibody to precipitate BCL2, we demonstrated that endogenous GR was indeed able to form a complex with BCL2 in all the three cell lines (Fig. 7) . Interestingly, no interaction was detected with GR-eYFP in the cell lines.
Discussion
We have previously shown low endogenous GR expression in a panel of SCLC cell lines, which we attributed to methylation of the GR promoter. Over-expression of GR in these SCLC cell lines leads to apoptotic cell death (Kay et al. 2011) . The current study used the retroviral delivery approach to rescue low GR expression levels in DMS 79 cells in order to investigate the mechanism underlying the GR-induced apoptosis in SCLC cell lines. Although the increase in GR did not affect the pro-apoptotic genes BIM and BAD or the anti-apoptotic BCL2 gene expression, an interaction between GR and BCL2 proteins was observed.
Previous studies carried out by our group both in vitro (Sommer et al. 2007 ) and in a mouse xenograft model in vivo (Sommer et al. 2010) have demonstrated that overexpression of GR by retroviral transduction increases apoptosis. The mechanism by which GR can initiate apoptosis has only been studied in cell lines derived from lymphoid malignancies (Herr et al. 2003 , Leis et al. 2004 , Zhu et al. 2004 and there are still cell-type-specific differences (Reichardt et al. 2000 , Schmidt et al. 2004 . Therefore, we wanted to investigate which downstream pathway is involved in triggering GR-mediated apoptosis in SCLC cell lines.
It is difficult to envisage how to specifically up-regulate GR in SCLC cells as a therapeutic approach, but it may be possible to identify a possible therapeutic target in the apoptotic pathway downstream of GR. Therefore, it is important to identify the specific apoptotic pathway activated by GR treatment. We chose the BIM gene as a target for apoptotic signalling as it has been shown that its up-regulation plays an important role in Dex-induced apoptosis of ALL cells, lymphoma cells and mouse thymocytes (Wang et al. 2003 , Abrams et al. 2004 , Zhao et al. 2007 . However, in our study, no changes in BIM were seen in cells transduced with GR-eYFP and treated with Dex until the 72-h time point when GR-eYFP-containing cells unexpectedly showed decreased amounts of BIM mRNA.
We also observed that introduction of exogenous wtGR caused endogenous GR to increase at both the mRNA and protein level. To date, the mechanism for this phenomenon is unknown, but studies have identified glucocorticoid response units (GRUs) within the GR gene, suggesting that GR can auto-up-regulate its expression (Geng et al. 2008) . Currently, it is believed that binding of GR and c-MYB to GRUs found in GR exon 1 promoter regions 1A, 1C and 1D up-regulates GR expression, while binding of GR and ETS down-regulates GR expression (Geng et al. 2008 , Geng & Vedeckis 2011 . However, these studies are limited to ALL cells and may not be relevant in SCLC cells. Further investigations into the mechanisms underlying this form of GR auto-regulation are required, as up-regulation of GR expression may be able to restore Gc sensitivity to SCLC cells, thereby increasing their susceptibility to pro-apoptotic signalling.
An alternative target for GR in apoptotic signalling could be the BAD gene. In a panel of seven SCLC cell lines analysed for BAD protein expression, none of them had lower expression than the non-SCLC cell lines, suggesting that BAD may not be affected by the low GR levels in these cell lines. Furthermore, while overexpressing wtGR increased GR protein levels, BAD levels remained unchanged between control and wtGR-transfected samples. Increased transcript levels do not always correlate with increased protein product, so we cannot rule out a post-transcriptional mechanism blocking the translation of BAD mRNA.
BCL2 was a likely candidate as a GR target, as it is often overexpressed in cancers (Reed 1995 , Kroemer 1997 , Yip & Reed 2008 ). In the majority of the SCLC cell lines analysed, BCL2 protein was significantly overexpressed compared with control cell lines. Increased expression of BCL2 would provide SCLC cells with a survival advantage as BCL2 is able to block the pro-apoptotic proteins from triggering cytochrome c release from the mitochondria. This suggestion was supported by the fact that inhibiting BCL2 with ABT-737 decreases cell number and increases apoptosis, indicating that increased levels of BCL2 may promote survival of the cancer cells. Herr et al. (2003) showed that in lymphocytes, Gc treatment decreases BCL2 gene expression. However, in our study, increasing GR expression did not decrease BCL2 protein levels and therefore does not explain the mechanism whereby GR is increasing cell death in the SCLC cell lines. As none of the potential genomic apoptosis targets selected for this study responded to the over-expression of wtGR within the SCLC cell lines, we hypothesised that GR may exert its effect in a non-genomic manner. There is an interaction between GR and BCL2 in neurons whereby GR sequesters BCL2 and this is predicted to prevent BCL2 from blocking pro-apoptotic factors (Du et al. 2009 ). Based on our findings that BCL2 is overexpressed in SCLC, we hypothesised that an interaction between GR and BCL2 in the SCLC cell lines may have a similar effect and increase apoptosis. This was supported by our finding that an interaction between BCL2 and GR occurred in all three SCLC cell lines tested (DMS 153, DMS 79 and COR-L42) after retroviral transduction with GR-eYFP. Interestingly, the BCL2 interaction was only observed with the endogenous GR protein and not with the GR-eYFP fusion protein. It may be that the eYFP tag is partially blocking the binding of the GR antibody and therefore it is not possible to detect the interaction with BCL2. This would also explain why GR-eYFP levels appear to be low when compared with endogenous GR. It is also important to note that the expression profiles for exogenous GR-eYFP in our experiments can only provide a snapshot of GR-eYFP levels prior to cell death. The SCLC cell lines grow as compact floating aggregates and require two cycles of infection of GR-eYFP, so expression will be spread over 72 h, as will the time of cell death. However, it is also possible that the eYFP tag is altering the affinity of GR binding to BCL2, thus preventing the formation of a 
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Figure 7 BCL2 can interact with endogenous GR but not GR-eYFP. DMS 79, DMS 153 and COR-L42 cells were retrovirally infected with eYFP or GR-eYFP and harvested after 48 h. Total protein was extracted and used for Co-IP experiments using BCL2 for IP and the resulting pulldown pool blotted for GR. Arrows indicate GR (94 kDa) or GR-eYFP (110 kDa) protein bands.
stronger interaction between GR and BCL2. Nevertheless, this process is resulting in significant apoptosis, mediated by the over-expression of GR-eYFP. In summary, restoring GR expression in the DMS 79 SCLC cell line elicits apoptosis not by up-regulating proapoptotic or down-regulating anti-apoptotic signals but by interacting with BCL2 either directly or as part of a larger complex. As BCL2 is overexpressed in SCLC cell lines, we believe that the interaction with GR blocks its cytoprotective effects, thereby facilitating cytochrome c release and subsequent activation of the caspase cascade. Further investigation into mechanisms up-regulating endogenous GR levels may provide a viable treatment for SCLC in the future.
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